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Abstract
The extent of the accretion disk in the low/hard state of stellar mass black hole X-ray binaries remains
an open question. There are some evidence suggesting that the inner accretion disk is truncated and re-
placed by a hot flow, while the detection of relativistic broadened iron emission lines seems to require an
accretion disk extending fully to the innermost stable circular orbit. We present comprehensive spectral
and timing analyses of six Nuclear Spectroscopic Telescope Array (NuSTAR) and XMM-Newton obser-
vations of GX339–4 taken during outburst decay during the autumn of 2015. Using a spectral model
consisting of a thermal accretion disk, Comptonized emission, and a relativistic reflection component we
obtain a decreasing photon index, consistent with an X-ray binary during outburst decay. Although, we
observe a discrepancy in the inner radius of the accretion disk and that of the reflector, which can be
addressed to the different underlying assumptions in each model, both model components indicate a trun-
cated accretion disk that resiles with decreasing luminosity. The evolution of the characteristic frequency
in Fourier power spectra and their missing energy dependence support the interpretation of a truncated
and evolving disk in the hard state. The XMM-Newton dataset allowed us to study, for the first time, the
evolution of the covariance spectra and ratio during outburst decay. The covariance ratio increases and
steeps during outburst decay, consistent with increased disk instabilities.
Subject headings: X-rays: binaries – X-rays: individual: GX339–4 – binaries: close – stars: black hole
1. Introduction
GX339–4 can be regarded as the archetypical low-
mass black hole X-ray binary. Since its discovery
in 1973 by the OSO-7 satellite (Markert et al. 1973),
it showed frequent outbursts of varying strength, and
there is a possible ∼200 days long-term variability
(Kong et al. 2002). Both, the mass of the black hole in
and the distance to GX339–4, are rather uncertain, es-
timated at M ≃ 10M⊙ and d ≃ 8 kpc by Zdziarski et al.
(2004). Based on NuSTAR observations, Parker et al.
(2016) used the spin and inclination they determined
from modelling the reflection component as input for
the continuumfitting to obtain a mass of 9.0+1.6
−1.2
M⊙ and
a distance of 8.4 ± 0.9 kpc just from the X-ray spec-
trum.
During most of its outbursts GX339–4 evolves
from the so called low/hard state (LHS) through the
hard and soft intermediate states (HIMS/SIMS) to the
high/soft state (HSS), where it can remain for sev-
eral weeks, before it returns at lower luminosity into
the LHS, passing again through the SIMS and HIMS.
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Here, we follow the classification of Belloni (2010);
see however McClintock & Remillard (2006) for an
alternative classification. The different states through
which the black hole transient evolves can be identified
in the hardness intensity diagram (HID; Belloni et al.
2005; Homan & Belloni 2005; Gierlin´ski & Newton
2006; McClintock & Remillard 2006; Fender et al.
2009; Belloni 2010), as the hard and soft states have
distinct spectral properties. In the LHS the X-ray spec-
trum is dominated by Comptonized emission, which
can be described by a power law with a photon index
of Γ ≤ 1.7 and cut-off energies of ∼ 50 – 100 keV. In
the HSS the X-ray spectrum is dominated by thermal
emission of the accretion disk. Furthermore, hard and
soft states show distinct variability properties. The
power density spectra (PDS) of the LHS show strong
(up to 40 – 50 per cent) band limited noise (BLN) and
quasi-periodic oscillations (QPOs), while PDS of the
HSS show weak (few per cent) power law noise.
While there is strong observational evidence that
for a large fraction of the HSS the accretion disk
extends all the way down to the innermost sta-
ble circular orbit (ISCO; Gierlin´ski & Done 2004;
Steiner et al. 2010), the accretion geometry in the LHS
has been a subject of intense debate in recent years.
In the quiescent state, the disk is found to recede
(McClintock et al. 1995, 2001, 2003; Narayan & Yi
1995; Narayan et al. 1996; Esin et al. 1997, 2001).
This suggests that a truncated disk is required in early
stages of an outburst, and that the LHS is dominated by
emission of an optically thin, advection-dominated ac-
cretion flow (see e. g. Esin et al. 1997) surrounded by
an accretion disk truncated far away from the ISCO
(Done et al. 2007; Belloni 2010; Yuan & Narayan
2014). During the outburst, the inner accretion disk
must then evolve and extend itself closer to the black
hole.
Based on observations of soft emission in the LHS,
which is often attributed to disk emission, the in-
ner disk radius can be determined by modelling this
component. Alternatively, the disk radius can be in-
ferred from modelling the reflection component, as the
disk acts as a reflector. GX339–4 is a key source
in the inner disk truncation debate. Some studies of
GX339–4 at luminosities ≥ 1% LEdd suggested an in-
ner disk radius consistent with a disk extending down
to the ISCO (Miller et al. 2006; Tomsick et al. 2008;
Petrucci et al. 2014). However, Done & Diaz Trigo
(2010) using the same data as Miller et al. (2006) and
Tomsick et al. (2008), found a large truncation radius.
The discrepancy was attributed to the severe pile-up
in the XMM-Newton MOS data, which broadens the
iron line. A highly truncated disk has been also found
by Kolehmainen et al. (2014), who calculated the inner
radius both from modelling the disk emission and that
of the reflection component. Interestingly, the radii
calculated by the two methods do not agree with each
other. A study of the 2013 outburst, in which GX339–
4 always remained in the LHS, found an inner disk
radius of Rin ∼ 20Rg from both disk and reflection
spectral components (Plant et al. 2014). Based on a
systematic study of the iron line region, that tracked
the evolution of the inner accretion disk in the LHS,
Plant et al. (2015) found an accretion disk that ex-
tended closer to the black hole at higher luminosities,
but was consistent with being truncated throughout
the entire LHS. Basak & Zdziarski (2016) reanalysed
seven archival XMM-Newton observations of GX339–
4 in the hard state at outburst rise, fitting the data with a
modified diskbb (Mitsuda et al. 1984) plus relxill
(Dauser et al. 2014; Garcı´a et al. 2014) model (they
split the normalisation of the diskbb component into
two factors, one depending on the mass and distance,
and one depending on the ‘true’ inner disk radius and
inclination, where the latter one can then be linked to
the corresponding parameters of the relxillmodel).
They found that the inner disk radius of the accre-
tion disk could not be set equal to that of the reflec-
tor and obtained an evolution of the inner disk radius
consistent with the truncation disk model. The dis-
crepancy between the two radii implied that the soft
spectral componentwas not a standard blackbody disk.
Studies of GX339–4 at luminosities below 1% LEdd
found a truncated accretion disk (Tomsick et al. 2009;
Allured et al. 2013).
Reflection modelling and disk continuum mod-
els also allow us to estimate the spin and inclina-
tion. Although there is a discrepancy between the
results obtained with these two methods, which is
likely due to different underlaying assumptions in
the models (Reynolds 2014; McClintock et al. 2014),
a Schwarzschild (i. e. non-spinning) black hole can
be ruled out with high significance (Miller et al.
2008; Kolehmainen & Done 2010). Most studies
prefer a spin of a > 0.9 (see Parker et al. 2016,
for a recent overview and references therein). Only
Kolehmainen & Done (2010) argued, based on con-
tinuum modelling and assuming an inclination > 45◦,
that the spin should be less than 0.9.
The inclination of GX339–4 is only weakly con-
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strained by dynamic measurements. It must be less
than 60◦, as the system is non-eclipsing (Cowley et al.
2002), and a plausible lower limit of i > 45◦ is
given from the mass function (Zdziarski et al. 2004).
Measurements of the inner disk inclination from the
broad iron line prefer rather low values: i = 12◦+4
−2
(Miller et al. 2004), i = 19◦ ± 1◦ (Miller et al. 2008),
i = 18.◦2+0.3
−0.5
(Reis et al. 2008), while using relativis-
tic reflection models give values ≥ 30◦: 36◦ ± 4◦
(Garcı´a et al. 2014), 48◦±1◦ (Garcı´a et al. 2015), 31◦to
59◦(depending on the model; Ludlam et al. 2015),
30◦±1◦ (Parker et al. 2016). A combined spectroscopy
and timing analysis fitting both the lag and spectral
data obtained i < 30◦(Cassatella et al. 2012b).
By fitting mean X-ray spectra, one studies the
time-averaged spectral shape of a source, learning
nothing about how the individual spectral compo-
nents vary with respect to each other in time. One
technique to construct ‘variability spectra’ is to ob-
tain a PDS for each individual energy channel and
to integrate the PDS over a given frequency range
to measure the variance in that channel. That way
one can construct an rms spectrum, and examine the
components which vary over that frequency range
(e. g. Revnivtsev et al. 1999; Vaughan et al. 2003).
Wilkinson & Uttley (2009) developed a technique
called covariance spectra, which is similar to rms spec-
tra and allows to disentangle the contribution of spec-
tral components to variations on different time-scales.
The covariance is derived between the channel of inter-
est and a broader reference band, which makes it more
robust regarding low signal-to-noise data. Covariance
spectra and ratios derived from XMM-Newton data
taken during the LHS at the beginning of an outburst
revealed an increased disk blackbody variability with
respect to the Comptonized emission below 1 keV at
time scales longer than 1 s (Wilkinson & Uttley 2009;
Cassatella et al. 2012a). On shorter timescales vari-
ability of the Comptonized component drives the disk
variability, consistent with propagating models modi-
fied by disk heating at short timescales.
In this paper, we present a comprehensive study of
the spectral and temporal variability properties of six
NuSTAR and XMM-Newton observations of GX339–4
taken during decay of its 2014/15 outburst.
2. Observation and data analysis
2.1. Swift monitoring
The 2014/15 outburst of GX339–4 was detected
by Swift/BAT (Yan et al. 2014) and followed-up with
the Swift satellite (Gehrels et al. 2004; Barthelmy et al.
2005). We analysed all Swift/XRT (Burrows et al.
2005) observations taken in windowed timing mode
between 2014 October 31st and 2015 October 3rd, us-
ing the online data analysis tools provided by the Le-
icester Swift data centre1, including single pixel events
only (Evans et al. 2009).
2.2. XMM-Newton
XMM-Newton (Jansen et al. 2001) followed the de-
cay of the outburst with six observations. The first five
observations are taken with a spacing of 5 days, while
the sixth observation is taken 13 days after the fifth.
Details on individual observations are given in Table 1.
We solely employed EPIC/pn data in our study, as they
provide higher time resolution and are less affected by
pile-up than data of the MOS cameras. We filtered
and extracted the EPIC/pn event files using standard
SAS (version 14.0.0) tools, paying particular attention
to extract the list of photons not randomised in time.
We analysed the data with the SAS task epatplot to
check if the data are affected by pile-up and ended up
using a source region that gives us an observed pat-
tern distribution that follows the theoretical prediction
quite nicely. We included single and double events
(PATTERN≤4) in our study.
For our timing studies we selected the longest inter-
val of continuous exposure available in each observa-
tion. We produced PDS in the 1 – 2 and 2 – 10 keV
band. We subtracted the contribution due to Poisso-
nian noise (Zhang et al. 1995), normalised the PDS ac-
cording to Leahy et al. (1983) and converted to square
fractional rms (Belloni & Hasinger 1990).
To extract energy spectra we used the total expo-
sures. We extracted energy spectra and corresponding
background spectra, redistribution matrices, and ancil-
lary response files for all observations.
2.3. NuSTAR
NuSTAR (Harrison et al. 2013) observations taken
simultaneously to the XMM-Newton observations are
available. Details on individual observations are given
1http://www.swift.ac.uk/user objects/
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Table 1: Details of XMM-Newton observations
# Obs. id. Date Mode‡ Net Exp. [ks] Exp.† [ks] region∗
1 0760646201 2015-08-28 T 14.9 12.9 31 – 36 & 41 – 45
2 0760646301 2015-09-02 T 15.9 10.2 31 – 37 & 39 – 45
3 0760646401 2015-09-07 T 20.4 18.1 31 – 36 & 39 – 45
4 0760646501 2015-09-12 T 18.9 18.9 31 – 36 & 40 – 45
5 0760646601 2015-09-17 SW 52.1 11.8 26760.5, 27824.5,120,480
6 0760646701 2015-09-30 SW 47.7 36.3 26608.5, 27847.5,120,480
Notes:
‡: T for timing mode, SW for small window mode
†: longest interval of continuous exposure
∗: for observations taken in timing mode: detector columns from which source photons have been selected; for
observations taken in small window mode: x and y coordinate and inner and outer radius of the annulus region from
which source photons have been selected in detector coordinates
in Table 2. We analysed NuSTAR data using the
NuSTARDAS (version 1.4) tools nupipeline and
nuproducts, with CALDB20160325. We extracted
source photons from a circular region with a radius
of 30” located at the known position of GX339–4. A
background region of the same shape and size located
close to the source on the same detector and free of
source photons was used. To investigate short term
variability we derived cospectra in the 3 – 30 keV band
using MaLTPyNT (Bachetti 2015). The energy range
between 3 and 30 keV comprises about 97 per cent of
the source photons detected with NuSTAR in the 3 –
78 keV band. The cospectrum is the cross PDS de-
rived from data of the two completely independent fo-
cal planes and represents a good proxy of the white-
noise-subtracted PDS (Bachetti et al. 2015).
3. Results
3.1. Hardness intensity diagram and light curve
Based on the data available from the Swift/XRT
monitoring of the outburst, we determined the source
count rates in the total (0.8 – 10 keV), soft (0.8 – 3
keV), and hard (3 – 10 keV) energy band, and derived
a hardness ratio by dividing the count rate observed in
the hard band by the one obtained in the soft band. The
HID and the long term light curve is shown in Fig. 1
and Fig. 2, respectively. Due to sun constraints there is
a gap of 81 days between the first (2014 Oct. 31) and
second (2015 Jan. 21) Swift/XRT observation, where
Fig. 1.— Hardness-intensity diagram, derived us-
ing Swift/XRT count rates. Each data point rep-
resents one observation. The first observation is
marked by a star. The (blue) lines and squares indi-
cate around which Swift/XRT observations the XMM-
Newton/NuSTAR observations were taken.
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Table 2: Details of NuSTAR observations
# Obs. id. Date Exp. [ks]
1 80102011002 2015-08-28 21.6
2 80102011004 2015-09-02 18.3
3 80102011006 2015-09-07 19.8
4 80102011008 2015-09-12 21.5
5 80102011010 2015-09-17 38.5
6 80102011012 2015-09-30 41.3
Fig. 2.—Light curve of the 2014/15 outburst, based on
Swift/XRT count rates. Each data point represents one
observation. The arrows mark the dates of the XMM-
Newton/NuSTAR observations. T=0 corresponds to
October 30th 2014 00:00:00.000 UTC.
GX339–4 was already on its way to the soft state. The
source entered into the HSS and stayed there at least
until 2015 July 27. In the next available observation,
taken after a gap of 31days, GX 339–4 is already in the
intermediate states on its way back to the LHS. In the
light curve the times when the XMM-Newton/NuSTAR
observations took place are indicated.
3.2. Power density spectra
For the XMM-Newton data, we derived PDS in the
1 – 2 and 2 – 10 keV range, for the NuSTAR data we
derived cospectra in the 3 – 30 keV range (Fig. 3).
For XMM-Newton data, we used time bins of three
times the frame time, which allowed us to sample fre-
quencies up to ∼ 28 − 29 Hz, and stretches of 16384
bins. For NuSTAR data we used time bins of 2−8 s
and stretches of 512 s. In general the PDS show band
limited noise (BLN) components, fitted with zero-
centered Lorentzians. Parameters can be found in Ta-
ble 3. For the XMM-Newton data the soft and broad-
band PDS can be fitted with two BLN components.
The same is true for the first two NuSTAR observa-
tions, while the remaining four NuSTAR observations
require three BLN components. The additional BLN
component shows up at a rather high characteristic fre-
quency (∼8.7 Hz) that decreases with ongoing outburst
decay. An overall decrease of the characteristic fre-
quency also shows up in the other two BLN compo-
nents of the NuSTAR data. In the XMM-Newton PDS
the decreasing trend in the characteristic frequency is
less obvious (Fig. 4). A QPO at a characteristic fre-
quency of νchar =
√
ν2
0
+ ∆2 ∼ 0.08−0.09Hz is present
in obs. 6. Parameters, including peak frequency (ν0)
and half width at half maximum (∆), are given in Ta-
ble 3. Its significance decreases with higher energy
(3.7σ in the 1 – 2 keV band, 2.8σ in the 2 – 10 keV
band, and 2.4σ in the 3 – 30 keV band) and its Q fac-
tor is high (Q = ν0/2∆ >∼ 20). The feature is a type-C
QPO (Casella et al. 2005; Belloni et al. 2011). No har-
monics are detected, which is most likely related to the
fact that the observation is taken late during outburst
decay when the source is already rather faint. In the
XMM-Newton data of obs. 1 a peaked noise compo-
nent at νchar ∼ 0.21Hz is present (parameters are given
in Table 3). Its significance in the 1 – 2 keV band
(2.8σ) is higher than in the 2 – 10 keV band (2.3σ),
while the Q factor in the soft band (4.0) is smaller than
in the 2 – 10 keV band (5.3).
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Fig. 3.— Power density spectra in the 1 – 2 (upper
panel), 2 – 10 keV (middle panel), and 3 – 30 keV
(lower panel) bands. Different symbols indicate dif-
ferent observations: filled circles: obs. 1, open circles:
obs. 2, filled triangles: obs. 3, open triangles: obs. 4,
filled squares: obs. 5, open squares: obs. 6.
Fig. 4.—Evolution of the rms variability (upper panel)
and characteristic frequency (lower panel). For XMM-
Newton observations, filled (red) symbols denote the
soft band, while open (blue) symbols denote the 2 – 10
keV band. Parameters of BLN1 are denoted by circles,
those of BLN2 by squares. For NuSTAR data, parame-
ters of BNL1 are marked by ‘+’ signs, of BLN2 by ‘x’
signs, and of BLN3 by diamond shapes.
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Table 3: Parameters of the BLN components of the
PDS
Parameter 1 – 2 keV 2 – 10 keV 3 – 30 keV
Observation 1
rmsBLN1 [%] 22.1
+2.4
−2.0
25.9+1.0
−1.4
20.3+0.7
−0.8
νBLN1 [Hz] 1.48
+0.34
−0.30
1.45+0.26
−0.18
2.09+0.29
−0.26
rmsBLN2 [%] 21.5
+2.0
−3.3
11.7+3.0
−3.2
11.4+1.3
−1.4
νBLN2 [Hz] 0.35
+0.06
−0.05
0.24 ± 0.10 0.35+0.07
−0.06
rmsPN [%] 6.1
+1.2
−1.1
5.1+1.4
−1.1
–
ν0;PN [Hz] 0.209
+0.008
−0.007
0.205+0.006
−0.007
–
∆PN [Hz] 0.026
+0.016
−0.012
0.019+0.016
−0.013
–
Observation 2
rmsBLN1 [%] 31.9
+0.7
−0.8
29.4+0.5
−0.6
24.0+0.5
−0.6
νBLN1 [Hz] 0.75
+0.43
−0.37
0.91+0.06
−0.05
0.95+0.08
−0.07
rmsBLN2 [%] 22.9
+1.1
−1.0
17.5 ± 1.0 12.8 ± 1.0
νBLN2 [Hz] 0.13 ± 0.01 0.14 ± 0.01 0.13 ± 0.02
Observation 3
rmsBLN1 [%] 32.6
+0.9
−1.2
30.1+0.6
−0.7
25.7 ± 0.6
νBLN1 [Hz] 0.69
+0.08
−0.05
0.69+0.06
−0.05
0.56+0.05
−0.04
rmsBLN2 [%] 28.3
+1.5
−1.2
19.4+1.2
−1.1
13.1+0.9
−1.0
νBLN2 [Hz] 0.12 ± 0.01 0.11 ± 0.01 0.07 ± 0.01
rmsBLN3 [%] – – 14.7
+2.0
−2.1
νBLN3 [Hz] – – 8.69
+1.31
−2.88
Observation 4
rmsBLN1 [%] 34.2
+1.0
−1.2
29.1+0.8
−0.9
24.3+0.8
−0.9
νBLN1 [Hz] 0.57
+0.07
−0.05
0.74+0.11
−0.08
0.44 ± 0.05
rmsBLN2 [%] 29.3
+1.5
−1.3
24.3 ± 1.2 17.1+1.0
−1.2
νBLN2 [Hz] 0.09 ± 0.01 0.10 ± 0.01 0.07 ± 0.01
rmsBLN3 [%] – – 21.3
+1.4
−1.5
νBLN3 [Hz] – – 5.65
+1.27
−1.13
Observation 5
rmsBLN1 [%] 35.3
+1.7
−2.1
23.0+1.6
−1.8
26.5+0.9
−0.8
νBLN1 [Hz] 0.31
+0.06
−0.04
1.36+0.45
−0.41
0.24 ± 0.02
rmsBLN2 [%] 26.7 ± 2.7 32.7
+0.9
−1.1
18.0+1.1
−1.4
νBLN2 [Hz] 0.05 ± 0.01 0.11 ± 0.01 0.05 ± 0.01
rmsBLN3 [%] – – 21.6
+1.0
−1.1
νBLN3 [Hz] – – 3.04
+0.51
−0.41
Observation 6
rmsBLN1 [%] 31.0
+1.2
−1.3
24.3+1.3
−1.4
29.4+2.3
−3.4
νBLN1 [Hz] 0.91
+0.14
−0.13
0.90+0.28
−0.24
0.09+0.02
−0.01
rmsBLN2 [%] 36.0
+0.8
−0.9
35.3+0.8
−1.2
17.4+4.9
−5.2
νBLN2 [Hz] 0.059 ± 0.004 0.065
+0.004
−0.005
0.03 ± 0.01
rmsBLN3 [%] – – 26.8 ± 1.1
νBLN3 [Hz] – – 1.65 ± 0.24
rmsQPO [%] 6.8
+1.2
−0.9
5.5+1.5
−1.0
4.4 ± 0.94
ν0;QPO [Hz] 0.087
+0.001
−0.003
0.088+0.001
−0.004
0.083 ± 0.001
∆QPO [Hz] < 0.003 < 0.005 0.002
+0.002
−0.001
3.3. Covariance spectra
Using XMM-Newton data, which cover energies
below 3 keV, we derived covariance spectra on short
and long timescales and obtained covariance ratios
dividing the long timescale covariance spectrum by
the short timescale one (Wilkinson & Uttley 2009;
Stiele & Yu 2015). We used the energy range be-
tween 1 and 4 keV as reference band, taking care
to exclude energies from the reference band that are
in the channel of interest. Taking a look at the PDS,
we found that the break frequency where the top-flat
part of the PDS goes into the decaying part evolves
between different observations (see Fig. 3). We can
use the following timescales for all observations to
compare variability in the decaying part of the PDS
to variability in the flat part: 0.05 s time bins mea-
sured in segments of 3.5 s for shorter time scales and
12.5 s time bins measured in segments of 625 s for
longer time scales. The obtained covariance ratios
are shown in Fig. 5, where different symbols indi-
cate different observations. We find that the (energy-
averaged) covariance ratio increases during outburst
decay. Furthermore, we find in all observations at
energies below ∼ 2 keV an increase of the covari-
ance ratios towards lower energies. This behaviour
has also been observed for observations of GX339–4
taken during outburst rise and has been interpreted as
sign of additional disk variability on longer timescales
(Wilkinson & Uttley 2009; Stiele & Yu 2015). Com-
paring the long-to-short covariance ratios of different
observations with each other reveals that the increase
of the covariance ratio steepens with time. While for
the first four observations the covariance ratios above
2 keV remain rather flat, we find an increase towards
higher energies in the last two observations. In addi-
tion to study covariance ratios by comparing spectra
on long and short timescales for each observation, we
can derive ratios by comparing variability spectra on
short (or long) timescales between different observa-
tions (Fig. 6). The ratios obtained by dividing the short
and long timescale covariance spectra of all observa-
tions by those of the first observation, show an increase
towards higher energies. This indicates that GX339–4
hardens during outburst decay. For the short timescale
ratios, we find that the ratio decreases during outburst
decay, which is to be expected as the source gets fainter
during outburst decay. On the long timescale GX339–
4 first gets brighter before it reaches again in obs. 4
a brightness comparable to that of the first observa-
tion, and then gets fainter in the last two observations.
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Deriving ratios relative to obs. 2, we see that on short
timescales the ratios (of the later observations) are
rather flat, indicating that not much spectral evolution
takes place on short timescales after obs. 2, while the
spectral hardening continues on the longer timescales.
3.4. Energy spectra
We fit averaged energy spectra, using simultane-
ous XMM-Newton/EPICpn and NuSTAR data, within
isis (V. 1.6.2; Houck & Denicola 2000) in the 0.8 –
78 keV range, where XMM-Newton data covered the
0.8 – 10 keV range and NuSTAR data the 4 – 78
keV range. We excluded NuSTAR data between 3
and 4 keV from our analysis, as the spectral residu-
als show a clear mismatch of NuSTAR in this energy
range. This behaviour has been observed previously
and is attributed to pile-up and cross-calibration dif-
ferences (Fu¨rst et al. 2016), which are taken care of
in newer versions of NuSTARDAS and CALDB. We
grouped the XMM-Newton data to a minimum sig-
nal to noise ratio of three and the NuSTAR data to a
minimum signal to noise ratio of five. For the four
XMM-Newton observations taken in timing mode, we
ignored energies between 2.0 and 2.4 keV, as this en-
ergy range is affected by a residual feature related
to small shifts in energy gain at the Si-K and Au-M
edges of the instrumental response (Kolehmainen et al.
2011). To fit the energy spectra we used the relxill
model (Dauser et al. 2014; Garcı´a et al. 2014) to-
gether with a disk blackbody component (diskbb;
Mitsuda et al. 1984). The relxill model allows us
to fit the Comptonized emission including relativis-
tic reflection. We included an absorption component
(TBabs; Wilms et al. 2000), using the abundances of
Wilms et al. (2000) and the cross sections given in
Verner et al. (1996). We also added a floating cross-
normalization parameter, which was fixed to one for
NuSTAR FPMA, to take uncertainties in the cross-
calibration between the different telescopes into ac-
count. We constrained the foreground absorption to
NH= 5.55 ± 0.09×10
21 cm−2, fixed the inclination
at 30◦ and the spin at 0.95 (Parker et al. 2016). We
used an emissivity index of 3 (Reynolds & Begelman
1997). Fu¨rst et al. (2015) showed that allowing for a
variable emissivity index all other parameters did not
change significantly.
Allowing for a free ionization parameter and iron
abundance in the relxill model, we find that these
two parameters show large variability between differ-
ent observations. The ionization parameter in obs. 2, 3
and 4 is close to zero, indicating a neutral disk, while
the disk seems to be highly ionised in obs. 1 and 5,
and slightly ionised in obs. 6. The iron abundance de-
creases from ∼6 in the first observation down to ∼2
in obs. 3 and then increases to the maximum allowed
value of 10 in the last observation. This behaviour,
especially the one of the iron abundance, seems to
be highly unphysical. Fu¨rst et al. (2015) addressed
a problem with a too high iron abundance by allow-
ing the photon-indices of the continuum and the in-
put to the reflector to be different. Including an ad-
ditional nthcomp (Zdziarski et al. 1996; Z˙ycki et al.
1999) component, we find an unphysical high iron
abundance of 10 in all observations, and an ioniza-
tion parameter of 3 – 4 in all observations but the
last one, where it is close to zero. Basak & Zdziarski
(2016), who reanalysed seven archival XMM-Newton
observations of GX339–4 in the hard state at outburst
rise with a model similar to the one used in our study,
also found that the iron abundance pegged at the maxi-
mum allowed value when the diskbb normalisation is
a free parameter. Since adding an nthcomp component
does not help to get a more physical iron abundance,
we fixed AFe at the best fit value of 1.58 obtained by
Fu¨rst et al. (2015). As we still find a very low ioniza-
tion parameter in obs. 2, 3, and 4 and a high ionization
parameter in obs. 1, 5, and 6, we decide to fit all obser-
vations either with a low or a high ionization parame-
ter.
The energy spectra of the first and last observation
are shown in Fig. 7. The obtained spectral parame-
ters are given in table 4 and how they evolve during
outburst decay is shown in Fig. 8. We find that the
inner disk radius obtained from the diskbb model in-
creases, while the disk temperature, photon index and
relxill normalization decrease monotonically along
outburst decay. We derive the inner disk radius from
the normalisation of the diskbb model, assuming a
distance to GX339–4 of 8.4 ± 0.9 kpc and an incli-
nation of 30◦±1◦(Parker et al. 2016), and including a
correction factor of 1.18, to account for spectral hard-
ening (assuming a hardening factor of 1.7) and for the
fact that the disk temperature does not peak at the in-
ner radius (Reynolds & Miller 2013). The reflection
fraction, which is always below unity, also shows a
decreasing trend. Small reflection fractions below 0.5
have also been measured for the LHS at outburst rise
and can indicate either a truncated accretion disk or
an outflowing corona (Fu¨rst et al. 2015). Assuming a
neutral reflection disk the radius of the reflector ob-
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tained from the relxill model is 20 ± 5 Rg and then
increases to more than 75 Rg in the last two observa-
tions. In the case of a highly ionised disk the radius of
the reflector is highly variable (5.5 < Rrefl < 100 Rg).
For the last two observations the radius of the reflector
of a highly ionised disk is consistent within errors with
the radii for a neutral reflection disk.
Assuming the lamppost geometry (relxilllp),
and allowing for a free iron abundance, ionisation pa-
rameter, reflection disk radius and lamppost height, we
obtain an iron abundance around 5, which increases to
the maximum allowed value of 10 in the last two ob-
servations, an ionisation parameter indicating a highly
ionized disk, a reflection disk radius below ∼ 3 Rg,
apart from the last observation where it is not con-
strained, and a highly variable lamppost height be-
tween ∼ 4 and 25 Rg, apart from the last observation
where it is not constrained. Assuming an iron abun-
dance of 1.58 and a highly ionised disk, we obtain an
increasing reflection disk radius, apart from obs. 4, and
a variable lamppost height, which is not constrained in
the last two observations. The spectral parameters are
given in table 5. Fixing the reflection disk radius at
the ISCO, does not help to reduce the variability in the
lamppost height.
4. Discussion
In this study we made use of simultaneous XMM-
Newton and NuSTAR data obtained during the decay
of the 2014/15 outburst of GX339–4, to investigate the
evolution of the energy spectra and variability during
outburst decay in the 0.8 to 78 keV range. The HID
derived from the available Swift/XRT monitoring data
clearly shows that the XMM-Newton/NuSTAR observa-
tions of GX339–4 followed the evolution of the source
in the decaying branch of the outburst.
The coexisting of two different power spectral
shapes in the soft and hard band during the hard-
to-soft state transition has been reported perviously
(Yu & Zhang 2013; Stiele & Yu 2014). In this study,
the shape of the power density spectra is the same
in the 1 – 2 and 2 – 10 keV band, as the PDS of
both bands can be fitted by two BLN components.
Thus, there is no sign of energy dependence of the
power spectral shape during the soft-to-hard state tran-
sition. In Stiele & Yu (2015), we found that for ob-
servations of GX339–4 and other black hole X-ray
binaries taken in the LHS during outburst rise, there
is at least one BLN component which has a smaller
characteristic frequency in the 1 – 2 keV band com-
pared to its characteristic frequency in the 2 – 10 keV
band. In this study, we find this difference in char-
acteristic frequency only for obs. 4 and 5, while for
all other observations the characteristic frequencies in
these two bands agree within errors. According to the
picture given in Stiele & Yu (2015), characteristic fre-
quencies, which are consistent between both bands,
imply that the disk ends far away from the black hole
and that the photons in both bands experience a sim-
ilar number of scatterings. The decrease of the break
frequency in the PDS along outburst decay, indicates
an increasing inner disk radius (Gilfanov et al. 1999).
Investigation of the combinedXMM-Newton/NuSTAR
energy spectra revealed a decreasing photon index,
which is in agreement with the hardening of GX339–
4 during outburst decay. The evolution of the ac-
cretion disk parameters (decreasing disk tempera-
ture, increasing inner disk radius) is in favour of
the truncation disk model (e. g. Dubus et al. 2001;
McClintock & Remillard 2006; Done et al. 2007). Re-
garding the inner disk radius obtained from the reflec-
tion component we find that the radius stays around
20 ± 5 Rg in the first four observation and then in-
creases dramatically to over 75 Rg, assuming a neu-
tral reflection disk. Given the large inner disk radius,
which indicates a truncated accretion disk, a neutral
disk is to be expected. If we allow for a free ionisa-
tion parameter, we find a highly ionised disk in the
first observation, and a neutral disk in obs. 2, 3, and
4. Assuming a highly ionised disk in the first observa-
tion results in a smaller inner disk radius (and also in
changes in the other spectral parameters) in this obser-
vation. The evolution of the spectral parameters is still
consistent and in agreement with the truncation disk
model.
The discrepancy between the inner disk radius of
the accretion disk and that of the reflector can be re-
lated to the assumptions made in each model. The
exact value of the inner disk radius derived from the
disk blackbody normalization depends on the value of
the hardening factor used (here 1.7). The uncertainty
in the value of the hardening factor should not affect
the evolution of the inner disk radius, as long as the
hardening factor does not evolve during outburst de-
cay. The diskbb model neglects the zero-torque in-
ner boundary condition at the ISCO (Zimmerman et al.
2005) and the effects of strong disk irradiation by
the hard X-rays (Gierlin´ski et al. 2008; Vincent et al.
2016). The later effect should only be important in
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Table 4: Parameters of the simultaneous XMM-Newton/EPICpn and NuSTAR energy spectra
Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5 Obs. 6
AFe = 1.58; reflection disk highly ionized
R
†
in
(km) 62.41+3.52
−11.78
56.99+3.26
−10.82
61.54+4.37
−15.09
65.15+6.32
−14.26
122.88+34.19
−42.12
352.14+787.43
−280.51
Tin (keV) 0.285
+0.002
−0.002
0.255+0.002
−0.002
0.232+0.005
−0.003
0.213+0.004
−0.004
0.148+0.009
−0.007
0.089+0.017
−0.015
normrx 0.121
+0.005
−0.004
0.097+0.001
−0.001
0.074+0.001
−0.001
0.056+0.001
−0.001
0.042+0.001
−0.001
0.023+0.001
−0.001
Rrefl (Rg) 10.07
+1.85
−1.33
77.27+22.73
−24.40
29.74+8.19
−6.65
6.32+0.99
−0.78
47.14+29.93
−12.36
100.00+0.00
−40.64
Γ 1.753+0.007
−0.005
1.642+0.003
−0.003
1.611+0.003
−0.003
1.596+0.003
−0.003
1.567+0.007
−0.008
1.519+0.006
−0.005
R 0.54+0.03
−0.03
0.33+0.02
−0.02
0.42+0.02
−0.02
0.42+0.03
−0.03
0.26+0.02
−0.02
0.11+0.02
−0.02
CCFPMB 0.967
+0.003
−0.003
0.995+0.004
−0.004
0.988+0.004
−0.004
0.993+0.004
−0.004
1.016+0.004
−0.004
1.008+0.005
−0.005
CCpn 1.626
+0.007
−0.007
1.903+0.007
−0.007
1.758+0.007
−0.007
1.705+0.008
−0.008
0.914+0.005
−0.005
0.948+0.005
−0.005
χ2/dof 2666.2/2155 2821.5/2341 2564.8/2326 2568.94/2276 2582.9/2251 2575.9/2274
F
‡
abs
13.39 11.67 8.92 6.60 2.37 1.31
F
‡
unabs
28.73 25.56 19.55 14.50 5.21 2.87
AFe = 1.58; neutral reflection disk
R
†
in
(km) 74.21+4.29
−16.31
59.42+3.46
−11.36
66.24+5.07
−17.93
71.89+7.27
−15.81
115.76+27.93
−35.71
402.82+579.28
−267.13
Tin (keV) 0.265
+0.004
−0.002
0.251+0.002
−0.002
0.226+0.006
−0.003
0.206+0.004
−0.004
0.152+0.007
−0.007
0.090+0.013
−0.012
normrx 0.2156
+0.0019
−0.0019
0.1325+0.0011
−0.0010
0.1075+0.0009
−0.0011
0.0814+0.0008
−0.0008
0.0505+0.0005
−0.0005
0.0253+0.0002
−0.0002
Rrefl (Rg) 22.45
+3.45
−2.88
21.91+3.53
−3.29
24.24+7.47
−3.80
15.93+4.69
−3.54
100.00+0.00
−24.41
100.00+0.00
−16.77
Γ 1.909+0.006
−0.006
1.719+0.005
−0.005
1.702+0.005
−0.007
1.685+0.006
−0.006
1.612+0.005
−0.005
1.542+0.004
−0.004
R 0.48+0.02
−0.02
0.30+0.02
−0.02
0.36+0.02
−0.02
0.34+0.02
−0.02
0.23+0.01
−0.01
0.07+0.01
−0.01
CCFPMB 0.967
+0.003
−0.003
0.995+0.004
−0.004
0.988+0.004
−0.004
0.993+0.004
−0.004
1.015+0.004
−0.004
1.008+0.005
−0.005
CCpn 1.600
+0.007
−0.007
1.903+0.007
−0.007
1.754+0.007
−0.007
1.695+0.008
−0.008
0.909+0.005
−0.005
0.948+0.005
−0.005
χ2/dof 2646.2/2155 2836.3/2340 2514.9/2325 2506.4/2275 2591.7/2251 2596.2/2274
F
‡
abs
13.54 11.71 8.96 6.62 2.35 1.30
F
‡
unabs
29.78 25.63 19.62 14.55 5.18 2.86
Notes:
†: assuming a distance to GX339–4 of 8.4 ± 0.9 kpc and an inclination of 30◦±1◦(Parker et al. 2016)
‡: X-ray flux in the 0.8 – 78 keV band in unites of 10−9 erg cm−2 s−1
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Table 5: Parameters of the simultaneous XMM-Newton/EPICpn and NuSTAR energy spectra assuming lamppost ge-
ometry
Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5 Obs. 6
AFe = 1.58; reflection disk highly ionized
R
†
in
(km) 62.43+3.55
−11.61
58.61+3.27
−11.02
65.26+4.64
−13.09
70.36+7.51
−15.91
120.38+34.52
−40.06
317.36+695.98
−247.66
Tin (keV) 0.285
+0.002
−0.002
0.254+0.002
−0.002
0.228+0.003
−0.003
0.209+0.004
−0.004
0.155+0.001
−0.001
0.089+0.016
−0.010
normrx 0.1209
+0.0045
−0.0044
0.1123+0.0017
−0.0025
0.0873+0.0019
−0.0018
0.0582+0.0010
−0.0009
0.0397+0.0001
−0.0001
0.0226+0.0007
−0.0005
Rrefl (Rg) 5.57
+3.19
−5.57
12.71+12.04
−12.71
29.17+5.00
−8.58
6.64+0.98
−1.85
59.84+20.08
−29.92
100.00+0.00
−63.53
h (Rg) 15.11
+4.43
−4.73
53.04+31.49
−18.56
3.02+23.29
−0.02
3.48+5.14
−0.48
3.00+97.00
−0.00
100.00+0.00
−97.00
Γ 1.754+0.007
−0.005
1.665+0.005
−0.005
1.638+0.004
−0.006
1.607+0.003
−0.003
1.554+0.003
−0.003
1.519+0.006
−0.005
R 0.548+0.035
−0.024
0.245+0.017
−0.013
0.313+0.008
−0.016
0.413+0.029
−0.029
0.281+0.005
−0.002
0.109+0.020
−0.020
CCFPMB 0.967
+0.003
−0.003
0.995+0.004
−0.004
0.988+0.004
−0.004
0.993+0.004
−0.004
1.015+0.003
−0.003
1.008+0.005
−0.005
CCpn 1.626
+0.007
−0.006
1.909+0.007
−0.007
1.762+0.007
−0.007
1.702+0.008
−0.008
0.914+0.002
−0.002
0.948+0.005
−0.003
χ2/dof 2664.3/2155 3113.9/2339 2697.1/2324 2561.7/2275 2587.4/2251 2575.9/2273
F
‡
abs
13.40 11.63 8.93 6.62 2.36 1.31
F
‡
unabs
28.74 25.58 19.63 14.56 5.20 2.87
AFe = 1.58; reflection disk highly ionized; reflection disk radius fixed at ISCO
R
†
in
(km) 62.44+3.49
−11.35
58.63+3.25
−11.00
65.18+4.18
−13.02
67.47+6.79
−14.90
103.17+5.21
−19.10
353.26+788.78
−262.76
Tin (keV) 0.285
+0.002
−0.002
0.254+0.002
−0.002
0.227+0.003
−0.003
0.204+0.005
−0.005
0.148+0.008
−0.000
0.091+0.016
−0.015
normrx 0.120
+0.005
−0.004
0.112+0.002
−0.003
0.087+0.003
−0.003
0.064+0.001
−0.001
0.042+0.001
−0.001
0.022+0.001
−0.001
h (Rg) 17.09
+3.25
−2.38
61.23+32.03
−18.39
35.20+11.43
−7.09
10.45+2.17
−1.65
96.40+3.60
−36.26
100.00+0.00
−29.14
Γ 1.754+0.007
−0.007
1.665+0.005
−0.005
1.640+0.006
−0.006
1.627+0.004
−0.004
1.566+0.007
−0.007
1.517+0.006
−0.004
R 0.56+0.04
−0.03
0.25+0.02
−0.02
0.32+0.02
−0.02
0.37+0.03
−0.03
0.26+0.02
−0.02
0.11+0.02
−0.02
CCFPMB 0.967
+0.003
−0.003
0.995+0.004
−0.004
0.988+0.004
−0.004
0.993+0.004
−0.004
1.016+0.004
−0.004
1.008+0.005
−0.005
CCpn 1.625
+0.007
−0.007
1.909+0.007
−0.007
1.762+0.007
−0.007
1.704+0.008
−0.008
0.914+0.005
−0.005
0.948+0.005
−0.005
χ2/dof 2664.9/2155 3114.4/2340 2698.6/2325 2556.9/2276 2585.1/2251 2577.8/2274
F
‡
abs
13.40 11.63 8.94 6.67 2.37 1.31
F
‡
unabs
28.75 25.57 19.66 14.68 5.21 2.87
Notes:
†: assuming a distance to GX339–4 of 8.4 ± 0.9 kpc and an inclination of 30◦±1◦(Parker et al. 2016)
‡: X-ray flux in the 0.8 – 78 keV band in unites of 10−9 erg cm−2 s−1
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the first (few) observations, as both model components
indicate a disk truncated far away from the ISCO in
the last two observations. The value of the inner ra-
dius obtained from the reflection component depends
on the ionisation state and surface density structure of
the disk and on disk inclination (Fabian et al. 2014).
Furthermore, there is a degeneracy between the spin
and the inner accretion disk, as for current available
data, decreasing the spin or increasing the inner edge
of the disk can be considered to be almost equivalent.
In addition, currently available reflection models de-
scribe the illumination of an otherwise cold slab of gas.
They do not take into account the hotter surface layers
of the disk in the case of a black hole X-ray binary,
which will have a significant effect upon the reflection
spectrum (Ross & Fabian 2007). Effects of the spa-
tial extent of the corona, of coronal elevation and of
mild relativistic outflow on the reflection spectrum, are
also not included in currently available reflection mod-
els. In contrast to spectral studies of GX339–4 during
outburst rise based on Swift and NuSTAR observations
(Fu¨rst et al. 2015; Parker et al. 2016), our spectra do
not show indications of a broad iron line, and we do
not require two different photon indices for the Comp-
tonisation and reflection component.
The XMM-Newton dataset allowed us to study
for the first time the evolution of covariance spectra
and ratios during outburst decay. Up-to-now stud-
ies of these properties mainly focus on outburst rise
(Wilkinson & Uttley 2009; Stiele & Yu 2015). Our
study reveals that while the source hardens, the energy-
averaged covariance ratio increases. This increase
shows that the variability on long time scales (low
frequencies) contributes more to the overall variability
compared to the variability at short time scales (high
frequencies) while GX339–4 evolves along outburst
decay. This behaviour also shows up in the PDS where
the power in the top-flat part of the PDS at frequencies
below 0.04 Hz clearly increases while the power in the
decaying part of the PDS at frequencies above∼0.3 Hz
shows much less evolution, while the source hardens.
Furthermore, we find that the increase in covariance
ratio towards lower energies steepens, while GX339–
4 hardens. The observed steepening of the increase
implies that additional variability on long time scales
becomes more and more important at soft energies
while the source gets harder. In the scenario, in which
the additional variability on long time scales and soft
energies is thought to be due to intrinsic instabili-
ties in the accretion disk (Wilkinson & Uttley 2009),
which can be invoked by damped mass accretion rate
variations or oscillations in the disk truncation radius
(Lyubarskii 1997; Meyer-Hofmeister & Meyer 2003),
the observed steepening of the increase indicates an
increase in the disk instabilities when GX339–4 hard-
ens. The observed evolution suggests that the stable
disk of the soft state develops instabilities which get
stronger when the source hardens.
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Fig. 5.— Covariance ratios for all six observations de-
rived dividing the long timescale covariance spectra by
the short timescale ones. Different (colours and) sym-
bols indicate different observations: (blue) filled cir-
cles: obs. 1, (red) open circles: obs. 2, (green) filled
triangles: obs. 3, (magenta) open triangles: obs. 4,
(cyan) filled squares: obs. 5, (orange) open squares:
obs. 6.
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Fig. 6.— Covariance ratios for all observations derived dividing the short (lower panels) and long (upper panels)
timescale covariance spectra by the corresponding spectra of obs. 1 (left panels) and obs. 2 (right panels). Symbols
(and colours) as in Fig. 5.
16
Fig. 7.— Combined XMM-Newton/EPICpn and NuSTAR spectra of Obs. 1 (left panel) and Obs. 6 (right panel). Data
points, best fit model (see Table 4) and individual model components are given (disk blackbody: dotted line; relxill:
dashed line). For Obs. 1 the best fit model assuming a highly ionised reflection disk is shown, while for Obs. 6 the
model with a neutral reflection disk is shown.
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Fig. 8.— Evolution of the inner disk radius (from diskbb,assuming a distance to GX339–4 of 8.4 kpc and an
inclination of 30◦(Parker et al. 2016)), disk temperature, relxill norm, inner disk radius (from relxill), photon
index, and reflection fraction.
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